The paper deals with investigations concerning a wide-band gap material, viz. zinc oxide ZnO. Special attention has been devoted to the determination of the spectral transmission of zinc oxide layers deposited on quartz substrates. These investigations have made it possible to determine the optical spectral range in which this material is transparent as well as the edges of absorption. The presented investigations are valuable particularly concerning the application of zinc oxide in optoelectronic and photonic structures as well as in systems of waveguides and sensor layers of integrated optics.
Introduction
Semiconductor materials with a wide energy band gap offer very attractive possibilities of application, among others in electric and optoelectronic structures. Among the wide-band gap materials zinc oxide is particularly interesting, being very promising when applied in electronic and optoelectronic devices within the range ultraviolet and blue light, and in photonic waveguide and sensor structures [1] . ZnO possesses optical attractiveness thanks among others, to the fact that it is characterized by a wide energy band gap on the level E g ≈ 3.3 eV [1] . It is also characterized by its high value of the refractive index amounting to n ≈ 2 [1, 2] . Moreover, zinc oxide is a transparent semiconductor in the visible range of the spectrum [3, 4] . Investigations on the application of zinc oxide in those applications mentioned above have been carried out already for many years, but only due to the progress of the technology of producing structures basing on this semiconductor the interest in ZnO has grown considerably. Layers of zinc oxide can be obtained in various ways, among others by RF magnetron sputtering (RF MBS), molecular beam epitaxy (MBE), pulsed laser deposition (PLD), chemical vapor deposition (CVD) and electron beam evaporation (E-beam) [1] [2] [3] [4] . Such a wide range of methods of applying zinc oxide permits to get layers with various properties and various qualities of the surface structure, as well as electronic and optical properties. From the viewpoint of applying ZnO in optoelectronic structures, including photonic and waveguide structures, important are its optical parameters. The presented paper concentrates on the determination of the spectral transmission of light through the * corresponding author; e-mail: Przemyslaw.Struk@polsl.pl ZnO layers. The investigations permitted to determine in which range of the spectrum the materials elaborated by us are transparent and for which wavelengths the edge of absorption does occur.
The behavior of the electromagnetic wave at the boundaries of materials with various refractive indices has been illustrated schematically in Fig. 1a . Some part of the energy of the incident wave is reflected at the boundaries, characterized by different refractive indices n c and n w . Some part of the optical energy is transmitted through the investigated structure. The optical signal transmitted through the structure was recorded by the spectrometer. The performed spectrometric investigations permit also to determine the depth of the layer of zinc oxide (at a known value of its refractive index) deposited on the quartz substrate. In order to determine the thickness of the ZnO layer we must determine the wavelengths, at which the maximum and minimum values of transmissions of the optical signal do occur (Fig. 1b) . (As has already been said, we must know the relation of the re-
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fractive index as a function of the light wavelength.) Relevant investigations have been dealt with in [2] . Thus, the thickness of the investigated layers may be expressed by Eq. (1) [4, 5] :
where λ 1 , λ 2 -wavelengths, corresponding to the maximum or minimum transmission, n w (λ 1 ), n w (λ 2 ) -refractive indices of light in the investigated layers, Mamount of oscillation between two considered maximum values (M = 1 when the maximum values of transmission are near to such other).
Experimental
The aim of the investigations was to determine the optical properties of the zinc oxide layers produced at the Institute of Electron Technology in Warsaw. These investigations concentrated on the determination of the spectral transmission of the zinc oxide layers deposited on a quartz substrate concerning the technology of their production and soaking of the layers following the process of their deposition. The optical spectral properties of the zinc oxide layers were tested spectrometrically. The test stand consisted of the Spectrometer HR 2000+ES, produced by the Ocean Optics Corp., the light source Ocean Optics DT-mini-2-Gs and a PC computer for the data acquisition. The scheme of the test stand can be seen in Fig. 2 . The transmission of light through the tested zinc oxide layers was measured by means of the spectrometer as follows. First, the dark intensity signal D λ was measured, then the signal with the ZnO layer deposited on the quartz substrate S λ -sample intensity, and also the reference signal without the quartz substrate and without the ZnO layer -R λ reference intensity. Finally, the transmission of light in the ZnO layer was determined by means of Eq. (2) [6, 7] :
The investigated zinc oxide layers were deposited on quartz substrates applying the method of reactive magnetron cathode sputtering. The process of deposition was carried out in RF mode in atmosphere of 30% O 2 and 70% Ar, using a ceramic target, the current of the cathode amounting to I c = 140 mA, the total pressure to p Ar+O2 = 1 × 10 −2 mbar and the partial pressure of oxygen to p O2 = 3 × 10 −3 mbar. The rate of deposition of zinc oxide on the quartz substrate was V d = 0.4 nm/s. The substrates are not additionally preheated during the deposition. Some of the produced structures were annealed applying the method of rapid thermal annealing (RTA) in order to remove mechanical stresses and to arrange the crystalline structure [8] .
Results
The process of annealing the respective ZnO layers was realized as follows:
-ZnO_1 annealing for 10 min successively at 400
• C in N 2 and at 500
• C in O 2 also for 10 min; -ZnO_2 annealing for 10 min successively: at 400
• C in O 2 and 600
• C in O 2 ; -ZnO_3 was not subjected to annealing after its deposition.
The results of these investigations of the spectral transmission have been gathered in Fig. 3 . The analysis of the spectral transmission of light through zinc oxide layers has shown that this material is transparent in the visible range in the spectral range of the wavelengths λ from about 400 nm. (The high spectrum range of the used spectrometer was restricted to 1000 nm.)
The spectrometric measurements also indicated the influence of the process of deposition and annealing of ZnO layers on the edge of light absorption. Layers annealed in compliance with the technology RTA display an absorption edge at shorter wavelengths than the layers which were not subjected to soaking (Fig. 3) . The transmission of light as a function of the wavelength was also measured for the quartz substrate as a reference signal. (Obviously, in this case no absorption edge was detected.) Basing on the spectral characteristics and on Eq. (1), the thicknesses d of the zinc oxide layers were determined. For this purpose, the wavelengths of two adjacent maximum values of the transmission λ 1 and λ 2 were measured. The values of the refractive index at the respective wavelengths n(λ 1 ) and n(λ 2 ) were determined basing on Eq. (1). The quoted parameters, as well as the determined thicknesses of the ZnO layers have been gathered in Table. 
Summary
The applied spectroscopic testing method provides valuable optical information concerning the thin waveguide layers. The performed investigations permitted to determine for the ZnO layer such parameters as their spectrum of transmission and the edge of absorption. The presented results indicate that zinc oxide layers are optically transparent in the wide wavelength ranges from about 400 nm. Moreover, the performed tests have made it possible to determine the edges of light absorption in very thin ZnO layers. Besides, the spectroscopic method permits in the same process to determine the thicknesses of the layers and hence their modal characteristics. The obtained results were used for projecting and elaborating photonic structures with the Bragg gratings performed in ZnO layers.
